The stacking characteristics of organo-modified montmorillonite particles in poly(L-lactide) / clay hybrids have been investigated through FT-IR measurements and transmission electron microscopy. The clay particles tend to flocculate with hydrogen bonding among the hydroxyl groups of the surfactant, those located at the edge of clay particles, and/or those existing at the ends of polylactide chains.
Introduction
In recent years, much attention has been paid to the study on composite materials of polymers and clay minerals from both scientific and engineering viewpoints. Uniformly dispersed clay particles in polymer matrices, especially on the nanometerscale, result in so-called polymer/clay hybrids (PCHs) with remarkably improved physical properties, as exemplified by high modulus, excellent gas barrier performance, as well as high heat deflection resistance [1] [2] [3] [4] . These features of dispersed clay particles originate from their high affinity to the matrices, which has been so far mainly obtained via modifying clay directly with a suitable alkylammonium salt [3, 4] .
Poly(L-lactide) (PLLA) is well known as a biocompatible or biodegradable polyester produced from agricultural resources. Accordingly, the combination of PLLA and clay mineral would be expected to form a biodegradable hybrid with excellent physical properties. Up to now some studies on the preparation of PLLA / organo-modified montmorillonite hybrids (PLACHs) have been carried out by several investigators via melt compounding [5, 6] . Though the structural models proposed for the hybrids were somewhat different from each other, the PLACHs prepared have shown actually improved mechanical properties.
In some PCHs, the existence of stacked clay particles happens to influence the final properties of the hybrid [5, 7] . To evaluate this influence on the mechanical properties of the materials, it is important to understand the flocculation mechanisms on a molecular level. However, so far few studies have been conducted to elucidate them.
The main purpose of this communication is to investigate the flocculation structures of clay particles as compared with their uniformly dispersed structure. Profound discussions on the flocculation mechanism of clay particles would be useful for understanding the detailed hybrid structures or innovative preparation of PLACHs.
Experimental part
Two kinds of organo-modified montmorillonite were used in this work; one was modified via cation exchange reaction with dimethyldioctadecylammonium (clay M1), the other with bis(4-hydroxybutyl)methyloctadecylammonium (clay M2). The original montmorillonite has a cation exchange capacity of 108.6 meq / 100 g. The modified clay powders were kindly supplied by Kunimine Co., Japan. The organic contents in the modified clays determined by thermogravimetric analysis (TGA: Seiko 5200 TG/DTA) are summarized in Tab. 1. The clay powders were heated to 550°C at a heating rate of 10 °C/min under an N 2 purge. The organic content was calculated from the residue left at 550°C. The organo-modified montmorillonite powder was suspended in toluene under ultrasonic waves for 30 min to form a diluted suspension (C = 0.01%), followed by complete vaporization of toluene before being subjected to atomic force microscopy (AFM, Seiko Instruments SPA300 with SPI-3800 probe station) in contact mode for determining its size and thickness prior to PLACHs preparation. The Si 3 N 4 tip fixed at a cantilever of the AFM scanned the surface of individual clay particles remained on a mica substrate.
The powder samples of M1 and M2 were mixed with PLLA to form the hybrids C1 and C2, respectively. These C1 and C2 PLLA hybrids, containing about 3.5 wt.-% of clay content, were prepared via melt compounding at 190°C in an intensive mixer (Labo Plastomill, Model 30C150, Toyoseiki, Japan). The torque was monitored during the mixing process to ensure thorough mixing of the compound. Molecular characterization was carried out on a gel permeation chromatograph (GPC: JASCO 860-CO GPC/HPLC) using tetrahydrofuran (THF) carrier at 40°C with a flow rate of 1ml/min and polystyrene (PS) elution standard. For GPC, each composite was dissolved in THF to make a c. 0.5% solution, which was then carefully filtered through a 200 nm pore-size filter to completely remove the clay from the solution. M w and M w /M n for C1, C2 and PLLA are 1.54 · 10 5 and 1.84, 1.60 · 10 5 and 1.86, and 1.59 · 10 5 and 1.86, respectively.
The X-ray diffraction (XRD) profiles of the clay powder and its hybrids were collected in digital data using a RAD-rA diffractometer (RIGAKU Co.). Ni-filtered CuK α radiation (wavelength, λ = 0.154 nm) was utilized at 40 kV and 100 mA. The samples were scanned in the θ -2θ mode by use of a step-scanning method with a step-width of 0.05° and 4 s intervals in the range from 2θ = 2° to 35°. Alternatively, very thin films, c. 70 nm thick, were sliced from the bulk samples at room temperature using a Reichert ultra-microtome equipped with a diamond knife. Morphological features of the dispersed clay particles in the hybrids were examined by use of a transmission electron microscope (TEM, Phillips CM-300) operated at an accelerating voltage of 200 kV. A Fourier-transform infrared spectrophotometer (FT-IR, JASCO FT-IR 660 plus), equipped with a vacuum sample chamber, was utilized to scan the samples in the range of 400 -4000 cm -1 (number of scans = 32, resolution = 4 cm -1 ). For the FT-IR samples, the PLACHs were pressed into ≈ 20 µm thick films under ≈ 70 MPa pressure at 190°C, and then heat-treated for several min to remove pressure history before quenching to room temperature. 1 shows a typical AFM micrograph and its cross sectional diagram for the M1 powder sample. The average thickness of an organo-modified clay particle is observed to be smaller than 2 nm, thus the particles disperse on the substrate as individual polygons. This finding is also confirmed by the absence of the diffraction peaks for clay (2θ = 7.13°, 14.4°) in the XRD profile of the powder. Under the same AFM experimental conditions, we also could confirm that the thickness of the original clay particles is around 1 nm (result is not shown here); the organophilic treatments increased the particle thickness about twice. The particle size distribution of clay M1 was statistically calculated and plotted in the inset of Fig. 1 . For the clay sample M2, we also obtained quite a similar AFM result, so it is not necessary to mention here. On XRD profiles of the C1 and C2 specimens, we still observed the diffraction peaks at 2θ = 2.3° -2.5° of the (001) reflections for the clay particles, together with the (002) and (003) diffraction peaks. The existence of these peaks tells that the clay particles stack regularly and part of them remains in the hybrids. The increase in interlayer spacing (d 001 ) observed from the XRD data before and after melt-compounding is summarized Tab. 1, which is attributed to the intercalation of PLLA chains into clay galleries. Fig. 2 shows typical TEM micrographs on the cross section of the hybrids: for the C1 specimen, (a) and (b) images correspond to lower (×24 000) and higher magnification (×62 000), respectively, and for the C2 specimen, (c) and (d) correspond to the same magnifications. Obviously, the intercalated stackings of several clay platelets are relatively uniformly dispersed on the nanometer-scale in the C1 hybrid. The size of the dispersed clay particles in C1 is comparable to that obtained by AFM as mentioned above, indicating that no trend of clay aggregation took place in this hybrid. For the C2 specimen, some of the particles gather in the matrix through their edges, and the others still thoroughly disperse in the matrix in a similar manner as observed in the C1 specimen. The stacking scheme of the clay particles thus forms an open flocculation structure in C2. This particle flocculation resembles to those structures formed with the edge-to-edge interaction as proposed by van Olphen [8] , although his coagulation model of plate-like particles has been set up for a suspension.
From TEM observations, we find stacked layers of about 5 -7 individual particles for C1 and about 1 -3 individual particles for C2. The relatively stronger interaction between PLLA chain and hydroxylated ammonium surfactant of clay in C2 probably results in thinner clay particles contained within the flocculation structure. Okamoto et al. [5, 7] have commented on the flocculation structure of clay in their PCHs.
The FT-IR spectra of the C1 and C2 hybrids are shown in Fig. 3 , which includes the data on pure PLLA. In considering sample thickness, the characteristic absorbances have been normalized by use of the absorbance of C=O in PLLA chains at 1760 cm -1 as the standard [9] . The feature of this absorption band, free of hydrogen bonding, is displayed on the right-hand side of Fig. 3 . The absorption band around 3620 cm -1 is attributed to the free hydroxyl stretching vibrations of clay particles [10] . Pure PLLA does not show the free hydroxyl absorption, suggesting that free OH functional groups hardly exist in the polymer.
On the other hand, the absorption band around 3500 cm -1 is assigned to hydrogen bonding associated with hydroxyl groups, which work as either donors or acceptors. These hydroxyl groups are assigned to the alkylammonium in M2, the chain ends of PLLA chains, and to the edge of clay (of octahedral sheets). From FT-IR results, the different possibilities for free hydroxyl groups or the formation of hydrogen bonds are suggested in Tab. 2. In addition, the carbonyl groups of the materials in the present study are independent of forming hydrogen bonds, since the C=O stretching bands do not show wavelength shifts to below 1700 cm -1 in the IR spectra. This result is a strong evidence of the edge-to-edge flocculation formation, although the carbonyl groups in polymer chains are usually apt to form hydrogen bonds to the OH groups. From these results, we confirm that hydrogen bonds are formed in pure PLLA and in the C1 hybrid, but mainly in C2 where many hydroxyl groups from alkylammonium of M2 offer more possibilities for the formation of this kind of hydroxyl interaction.
In conclusion, in this study we demonstrated the stacking characteristics of organomodified montmorillonite in poly(L-lactide) / clay hybrids. TEM results showed for C2 the open flocculation structure of the clay particles, which possibly results from hydrogen bonding as suggested by FT-IR results. 
